Dispersed rat adrenal cells prepared from both the capsule and the decapsulated gland were used to investigate the effects on cyclic AMP accumulation of known stimuli of steroidogenesis [ACTH (adrenocorticotrophin), angiotensin II, K+ ions and 5-hydroxytryptamine]. Since glomerulosa-cell preparations from capsular strippings are normally contaminated with a proportion of fasciculata cells, cells purified by fractionation on a bovine serum albumin gradient were also used. The results showed that: (1) ACTH and angiotensin II stimulated cyclic AMP accumulation in both fractionated and unfractionated zona fasciculata cells; (2) 5-hydroxytryptamine and an increased extracellular K+ concentration (from 3.6 to 8.4mM) had no effect on cyclic AMP concentrations in fasciculata cell preparations; (3) the addition of ACTH, angiotensin II, 5-hydroxytryptamine or K+ to the incubation medium resulted in increased cyclic AMP concentrations in unpurified zona glomerulosa cell preparations; (4) fractionation and hence the virtual elimination of fasciculata contamination, did not affect the response to 5-hydroxytryptamine and increased K+ concentration. However, the responses to ACTH and angiotensin II were markedly lowered but not abolished. These results strongly suggest a link between cyclic AMP production and steroidogenesis in the zone of the adrenal gland that specifically secretes aldosterone. All four agents used stimulated both steroid output and cyclic AMP accumulation. However, at certain doses of 5-hydroxytryptamine, K+ and angiotensin II the significant increases in corticosterone output were not accompanied by measurable increases in cyclic AMP accumulation.
Dispersed rat adrenal cells prepared from both the capsule and the decapsulated gland were used to investigate the effects on cyclic AMP accumulation of known stimuli of steroidogenesis [ACTH (adrenocorticotrophin) , angiotensin II, K+ ions and 5-hydroxytryptamine]. Since glomerulosa-cell preparations from capsular strippings are normally contaminated with a proportion of fasciculata cells, cells purified by fractionation on a bovine serum albumin gradient were also used. The results showed that: (1) ACTH and angiotensin II stimulated cyclic AMP accumulation in both fractionated and unfractionated zona fasciculata cells; (2) 5-hydroxytryptamine and an increased extracellular K+ concentration (from 3.6 to 8.4mM) had no effect on cyclic AMP concentrations in fasciculata cell preparations; (3) the addition of ACTH, angiotensin II, 5-hydroxytryptamine or K+ to the incubation medium resulted in increased cyclic AMP concentrations in unpurified zona glomerulosa cell preparations; (4) fractionation and hence the virtual elimination of fasciculata contamination, did not affect the response to 5-hydroxytryptamine and increased K+ concentration. However, the responses to ACTH and angiotensin II were markedly lowered but not abolished. These results strongly suggest a link between cyclic AMP production and steroidogenesis in the zone of the adrenal gland that specifically secretes aldosterone. All four agents used stimulated both steroid output and cyclic AMP accumulation. However, at certain doses of 5-hydroxytryptamine, K+ and angiotensin II the significant increases in corticosterone output were not accompanied by measurable increases in cyclic AMP accumulation.
Cyclic AMP has been widely recognized as a ubiquitous regulatory agent which acts as an intracellular mediator of the action of a number of polypeptide hormones and biogenic amines. Studies on the role of cyclic AMP in steroidogenesis in the whole adrenal cortex have revealed that the action of ACTH (adrenocorticotrophic hormone) is probably mediated by alterations in the intracellular concentrations of cyclic AMP (Grahame-Smith et al., 1967; Taunton et al., 1969; Lefkovitz et al., 1970; Carchman et al., 1971; Mackie et al., 1972; Beall & Sayers, 1972 ; Kitabchi & Sharma, 1971; Birmingham et al., 1960; Sayers et al., 1971; Ferguson, 1963; Karaboyas & Koritz, 1965) . However, few attempts have been made to distinguish between the effects of ACTH and other stimuli on the various cell types in the adrenal gland.
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The outer zone of the adrenal, the zona glomerulosa, functions independently from the inner zones, the fasciculata and reticularis, and is the unique site of aldosterone production. Studies in vivo have demonstrated that several stimuli (i.e. increased K+ concentration, angiotensin II and ACTH) act on the adrenal cortex to increase the secretion of aldosterone and its precursor corticosterone. Studies in vitro have shown that in addition to these stimuli, 5-hydroxytryptamine (serotonin) and cyclic AMP also stimulate aldosterone production (Haning et al., 1970; Kaplan, 1965; Miller, 1970) . However, despite intensive research in the last decade, controversy remains as to the relative importance of angiotensin II, ACTH and K+ in the control of aldosterone secretion. Considerable interest has been expressed in the suggestion that changes in intracellular K+ concentrations could be the common denominator in the actions of all known stimuli of aldosterone secretion (Baumber et al., 1971) .
The involvement of the adenylate cyclase-cyclic AMP system in the control of steroidogenesis in the zona glomerulosa is largely unknown. To clarify the relationship of cyclic AMP to steroidogenesis, particularly in the zona glomerulosa, we have investigated the effect of known stimuli of steroid biosynthesis on cyclic AMP concentrations in isolated adrenal cell preparations. Corticosterone measurements were performed in parallel. In view of the uncertainty of the effects of stimuli on the conversion of corticosterone into aldosterone we have considered it reasonable to study corticosterone output only. In practice, in all situations studied aldosterone and corticosterone outputs by the zona glomerulosa have been correlated.
Dispersed cell preparations have certain advantages over tissue slices; in particular, target sites should be readily accessible to stimuli; moreover, cells may be fractionated and different types purified. Such purification has been especially important in this study, since cells prepared from adrenal capsular strippings are normally contaminated with a proportion of fasciculata cells. Therefore it is difficult to interpret unequivocally observed effects of ACTH, angiotensin IL or cyclic AMP concentrations. For these reasons we have, at various stages of this study, used zona glomerulosa and zona fasciculata cells purified by unit gravity sedimentation in an attempt to identify the effects of such agents on each cell type.
The study reported here forms part of an investigation into the regulations ofaldosterone biosynthesis (see J. F. Tait et al., , 1974 . A preliminary report of some of this work has been published (Albano et al., 1973a (Albano et al., , 1974a .
Experimental Materials
[8-3H]Adenosine 3': 5'-cyclic monophosphate (25Ci/mmol), which was from The Radiochemical Centre, Amersham, Bucks, U.K., was evaporated to dryness and resuspended in assay buffer before each assay to eliminate radioactivity not associated with cyclic AMP (Brown et al., 1972a; Albano et al., 1974b 
Methods
Preparation of cell suspensions. The adrenals from female Sprague-Dawley rats were dissected as previously described (Tait et al., 1974) into capsular and decapsulated glands. Capsular cells were prepared by the method of S. A. S. and the cells from the decapsulated glands by the method of Haning et al. (1970) . Briefly, the required tissue fractions were incubated in polytetrafluoroethylene beakers in a freshly prepared solution of collagenase (2mg/ml) and deoxyribonuclease (0.05mg/ml) in a medium comprising a modified Krebs-Ringer bicarbonate buffer (Krebs & Henseleit, 1932) The cells were dispersed by repeated pipetting at 25min and 50min after which time the cells were washed (Haning et al., 1970) and suspended in KRBGA medium. Cell counts with an improved Neubauer haemocytometer revealed a usual yield of approx. 1 x 105-2 x 105 cells/adrenal.
Fractionation of capsular adrenal cells. Purified zona glomerulosa cells were prepared by using the technique of gravity sedimentation through a bovine serum albumin gradient. The theoretical and practical aspects of this technique have been described by Tait et al. (1974) . In brief, a linear 1974 gradient of 1.5-2.7 % bovine serum albumin in Krebs-Ringer bicarbonate buffer containing glucose was formed in a glass vessel. Then 20ml of 1.25% bovine serum albumin in the same medium was added to the top of the gradient followed by 20ml of 1.0% bovine serum albumin in Krebs-Ringer bicarbonate buffer containing the cells and finally by 20ml of 0.75 % bovine serum albumin in KrebsRinger bicarbonate buffer. The cells from the capsular strippings from the equivalent of 80 glands were sedimented for 2.5h. After sedimentation, the contents were collected in 15-18ml fractions and samples were taken for analysis by Coulter counter, phase contrast and electron microscopy. The fractions containing the zona glomerulosa cells were taken for incubation to measure cyclic AMP and corticosterone production. Purified zona fasciculata cells were prepared in a similar manner except that approx. 40 decapsulated glands were used.
Cell incubation. Incubations were prepared by adding 0.45 ml of the cell suspension (equivalent to the cells from one rat) to 0.5ml of KRBGA medium and 0.05ml of acid saline (0.9% NaCl, acidified to pH4 with HCl). The angiotensin, when added, was dissolved in the 0.5ml of KRBGA medium, whereas the ACTH or 5-hydroxytryptamine were added in the 0.05ml of acid saline. Alterations in K+ concentration were obtained by changing the concentration of both K+ and Na+ in the 0.5ml of KRBGA medium. Iso-osmoticity was maintained, the Na+ concentration being changed by a maximum of 5 %. All incubations were continued for 2h under 02+CO2 (95:5) at 37°C in a metabolic shaker. In all experiments duplicate beakers were prepared, one being taken for corticosterone determination and the other for cyclic AMP determination.
Corticosterone assay. At the end of the incubation the incubates were diluted with water and extracted as described previously (S. A. S. Tait et al., 1967; . Corticosterone was assayed by radioimmunoassay (S. A. S. by using antibodies raised against corticosterone-21-hemisuccinatealbumin conjugate developed in sheep (Haning et al., 1970) .
Cyclic AMP assay. At the end of the 2h incubation the entire contents of each incubation beaker were mixed with 2ml of ethanol, shaken on a Vortex mixer and cooled to -20°C. After 16h the extracts were warmed to 4°C and centrifuged at 1250g for 15min. A portion (2ml) of each supernatant was evaporated to dryness. The dried extracts were resuspended in 200ml of 0.05M-Tris-HCl (pH7.4) assay buffer. Portions (lO,l and/or 50,cl) of this extract were then assayed for cyclic AMP by a saturation assay 1972a) . In some experiments an ion-exchange column-chromatography step was interpolated. The dried ethanolic extracts were resuspended in water and chromatographed on Dowex AG 5OW (X4), cyclic [3H]AMP being used as recovery indicator. The eluted cyclic AMP was evaporated to dryness, resuspended in the Tris-HCl assay buffer and assayed for cyclic AMP. We have maintained our normal procedure of assaying the samples against standards set up to include an equivalent amount of a reagent blank extract Albano et al., 1973b) . The latter was prepared from an equivalent amount of KRBGA medium at the corresponding K+ concentration essentially similar. Zona fasciculata cells purified by unit gravity sedimentation were likewise responsive to angiotensin II, the pattern of the response being essentially similar to that of unpurified cells prepared from the decapsulated gland (Fig. 1) (2) Cells prepared from adrenal capsules. Cells prepared from adrenal capsular strippings by collagenase treatment comprised mainly zona glomerulosa cell types, but with contamination of up to 10 % zona fasciculata cells, although this usually amounted to about 5 %. Fig. 2 shows the results of seven separate experiments in which the cells were incubated with 5-hydroxytryptamine (0.1 mM) or with K+ at increased concentration (8.4mM as compared with 3.6mM), these concentrations being maximal with respect to the corticosterone output of similar cell preparations (Haning et al., 1970 ; S. A. S. . Both stimuli caused significant but variable increments in total cyclic AMP concentration.
The effect of various concentrations of K+ on incubations of unpurified capsular cells is shown in Fig. 3 . The pattern of the corticosterone response observed is essentially similar to that previously reported (S. A. S. Haning et al., 1970) . However, in contradistinction to the raised corticosterone output between 3.6mM-and 5.9mM-K+, no significant increase in cyclic AMP concentrations was observed. In addition, at high (13mM) K+ concentration, cyclic AMP concentrations remained raised, although the corticosterone output was lower than at 8.4mr-K+. At low K+ concentrations (2mM) cyclic AMP concentrations are higher than at 3.6mM-K+, a response which likewise differs from that of corticosterone. Nevertheless, there was a consistent increase in cyclic AMP concentrations at 8.4mM-and 13mM-K+ as compared with the control (3.6mM-K+).
The effect ofvarious doses of 5-hydroxytryptamine on both corticosterone output and cyclic AMP accumulation is shown in Table 3 . Maximum cyclic AMP concentrations were found at a dose of 14um; however, corticosterone output was maximal with (3) Purified zona glomerulosa cells. The possibility that these effects arose from the contaminating zona fasciculata cells could not be excluded, since both ACTH and angiotensin II cause large increases in cyclic AMP concentrations in the fasciculata cell suspensions. Therefore zona glomerulosa cell preparations after unit gravity sedimentation, containing less than 0.5% fasciculata contamination as judged by phase-contrast and electron microscopy, were used. All incubations of these fractionated (purified) cells were performed in parallel with incubations of non-purified cells, the purified cells being prepared from the same batch of cells in each case. The cyclic AMP concentration in the control incubations of purified cells was 5.26±1.41 (S.E.M. n= 8) pmol/106 cells as compared with 6.47±1.00 (n = 12) in the non-purified cells. This slight decrease in cyclic AMP concentration after fractionation is consistent with the observation that the basal concentration of cyclic AMP in fasciculata cell suspensions is higher (9.72±1.54pmol/106 cells, n = 6) than in glomerulosa cell suspensions.
Both 5-hydroxytryptamine (0.1 mM) and an increased K+ concentration (8.4mM) caused similar increases in cyclic AMP concentrations in incubation of these purified zona glomerulosa cells (Fig. 4) as in the unpurified cells. The effect of ACTH and angiotensin II on purified zona glomerulosa cells is shown in Table 5 and the dose-response curves with angiotensin are shown in Fig. 5 . Increases in both corticosterone and cyclic AMP accumulation were still apparent after fractionation, but were significantly less than before fractionation; the responses to both stimuli after fractionation were essentially similar to those with 5-hydroxytryptamine and increased K+ concentration. The effect of all four stimuli on cyclic AMP concentrations in both fractionated and unfractionated glomerulosa cells is summarized in Fig. 6 . It is clear that the elimination of contamination by fasciculata cells does not affect the responses to 5-hydroxytryptamine or increased K+, but markedly affects the response to ACTH and angiotensin II. Nevertheless, both ACTH and angiotensin cause increased cyclic AMP accumulation even in incubations of glomerulosa 1974 cells that contain less than one fasciculata cell/200 glomerulosa cells. However, it is apparent that the low dose of angiotensin II (l00,ug) was ineffective in raising cyclic AMP concentrations, yet induced Vol. 142 a maximal increase in corticosterone output from the purified glomerulosa cell suspensions.
Discussion
The simple and sensitive saturation assay method for cyclic AMP determinations developed previously (Brown et al., , 1972a such that nucleotide content of incubations of 105 adrenal cells/ml is easily measured. The low affinity ofthe binding protein for nucleotides other than cyclic AMP normally eliminates the necessity for extensive sample-purification procedures. This observation has been confirmed by results of determinations of cyclic AMP before and after ion-exchange chromatography both in the present study and in others (Brown et al., 1972a,b) . The problem of non-specific interference is discussed in depth by Albano et a!.
(1974b).
A number of agents including 5-hydroxytryptamine, angiotensin, increased K+ concentration, ACTH and cyclic AMP have been shown previously to stimulate aldosterone production by the adrenal. These studies have been performed on mixed cell populations, whereas only cells of the zona glomerulosa produce aldosterone. However, both zona glomerulosa and zona fasciculata cells produce corticosterone. Therefore interpretation of results with stimuli which affect both zones is difficult. Because of this complication it has not been possible until recently to establish whether ACTH or angiotensin are stimulators of steroidogenesis in the rat zona glomerulosa (Tait et al., 1974) .
The pure zona glomerulosa cells used in this study have been shown to be reasonably normal by electron microscopy and by their steroidogenic responses (Tait et al., 1974) . Some badly damaged cells present in the original capsular preparation appear to have been eliminated during the fractionation procedure. The cyclic AMP concentrations observed before and after purification were similar. Fasciculata cells have a higher basal concentration of cyclic AMP, so that a decrease in the extent of contamination by fasciculata cells may explain the slight decrease in cyclic AMP concentration after fractionation.
In all experiments, both increased K+ concentration (from 3.6mM to 8.4mM) and 5-hydroxytryptamine (0.1 mm) caused increased cyclic AMP accumulation in both fractionated and unfractionated glomerulosa cells. The increases were approximately similar with these stimuli for both steroid production and cyclic AMP accumulation. That there was not a significant decrease in cyclicAMP or steroid responses after sedimentation would be expected from previous work demonstrating that these stimuli do not affect steroid output from zones other than the zona glomerulosa (Miller, 1965; Kaplan, 1965; Muller & Ziegler, 1968; Haning et al., 1970) . This is supported by the observation that neither 5-hydroxytryptamine nor increased K+ concentration had any significant effect on cyclic AMP concentrations in incubations of cells prepared from decapsulated glands in contrast with the large increases in both cyclic AMP and steroid production induced by ACTH and angiotensin II.
The dose-response relationship of stimulation by K+ of cyclic AMP and corticosterone production is not easily explicable. An increase in the extracellular K+ concentrations from 3.6mm to 8.4mM caused both cyclic AMP and corticosterone concentrations to be increased, but within the probable true physiological range (approx. 3.6-6mM-K+) an interesting phenomenon has been observed in that the consistent increase in corticosterone output was not accompanied by a significant increase in AMP accumulation. Above 8.4mM-K+ corticosterone production was lower than at 8.4mm-K+ whereas the cyclic AMP concentration was maintained, suggesting that K+ exerts a dual effect and causes a decrease in corticosterone that is independent of cyclic AMP concentration. Again, at low K+ concentrations cyclic AMP accumulation is enhanced, whereas steroid production is not. We have not as yet any firm explanation for this divergence. However, our studies suggest that the action of K+ at certain doses is accompanied, and perhaps mediated, by an increase in cyclic AMP. To our knowledge the only other reports of effects on cyclic AMP induced by such small alterations in K+ concentration are those of Saruta et al. (1972) using a mixed population of adrenal cells i.e. ox adrenal outer cortical slices and of Boyd et al. (1973) on adrenal capsular tissue. Thelatter workers reported an effect on cyclic AMP concentrations when the extracellular K+ concentration was increased from 3m M to 6mM. The precise mechanism of the K+-induced increases in cyclic AMP concentrations is unknown.
It is clear that 5-hydroxytryptamine at doses of 0.1 uM to 0.1mM increase cyclic AMP accumulation in zona glomerulosa cells. However, in one experiment the lower dose of 10nM-5-hydroxytryptamine did not increase cyclic AMP accumulation whereas corticosterone output was virtually maximal. The two other stimuli of steroidogenesis in the zona glomerulosa (ACTH and angiotensin) were also effective in increasing the cyclic AMP concentration in suspensions of both non-purified and purified glomerulosa cells. However, both stimuli exert a considerably greater effect in the zona fasciculata (Tables 2 and 5 ) and this is reflected in the decrease in the response in terms of cyclic AMP after fractionation of the glomerulosa cells. Nevertheless, there seems little doubt that ACTH and both [5- valine]angiotensin and [5-isoleucine]angiotensin stimulate cyclic AMP accumulation in the purified glomerulosa cells. Equivalent evidence for such an effect on steroid output has been reported by Tait et al. (1974) . All of the doses of ACTH used in these studies (5 to 40m-i.u./ml) induced an increase in cyclic AMP accumulation. This is, to our knowledge, the first unequivocal demonstration of an effect of ACTH on cyclic AMP concentrations in the zona 1974 glomerulosa. Although angiotensin II at doses above lOO,ug/ml induced an increase in cyclic AMP accumulation, the lower dose (lOO,g) which caused maximal or near-maximal increase in steroid output had no effect on overall cyclic AMP accumulation. The dose of angiotensin required to give a maximum steroidogenic effect was about fourfold lower for the zona glomerulosa cells compared with the fasciculata cells.
The doses of angiotensin II were high, but [5-isoleucine] angiotensin II had the same effect.
Further, the rat adrenal is particularly insensitive to angiotensin. The relative insensitivity of these cell preparations may have been due to the actions of peptidases, since no inhibitors were used. The sensitivity of the cells to K+ concentration were as high as in the corresponding experiments in vivo (Funder et al., 1969) . The stimulation of cyclic AMP accumulation by angiotensin II in zona fasciculata and to a lesser extent in zona glomerulosa cells may be at variance with other studies. Two reports have indicated that angiotensin II does not stimulate adenylate cyclase of bovine adrenals or of normal and cancerous rat adrenal tissue (Schorr & Ney, 1971) , although binding of angiotensin to bovine adrenal cortical slices has been observed . Saruta et al. (1972) did not observe any effect of angiotensin II on outer slices of bovine adrenal glands. However, although this may reflect inter-species differences it is more probable that the considerablylower dose used by these workers may be the main difference.
These results strongly suggest a link between cyclic AMP production and steroidogenesis in the zone of the adrenal gland that specifically secretes aldosterone. All the agents that stimulate the corticosterone (and aldosterone) output of this zone also cause increases in cyclic AMP concentrations, although the doseresponse relationships are not always clear. In addition, it has been demonstrated previously that incubation ofglomerulosa cells with exogenous cyclic AMP results in increased steroid output (Tait et al., 1974) . Nevertheless, these observations raise a general question as to the doses required to elicit increased cyclic AMP concentrations and the associated physiological response. In the present study, as well as in others involving a variety of tissues, including the adrenal cortex, there are degrees of the stimulus which cause a significant physiological response, but at which increases in cyclic AMP concentrations are not observed. Customary explanations advanced for the discrepancy include imprecision of the assay method and sequestration of cyclic AMP in intracellular compartments, implying that influx of cyclic AMP from an inactive to an active pool may be the sole necessary step of the subsequent physiological response. Recent experiments have suggested that the response in terms of cellular cyclic AMP may be transient (Peytreman et al., 1973; Albano & Brown, 1974) emphasizing the importance of the choice of incubation times particularly when only intracellular cyclic AMP is determined. Clearly more study is required to establish the validity of these or other explanations.
